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HIGHLIGHTS!:

* DSMs from UAVs and SfM photogrammetry can accurately depict stream valley topography
(R*> 0.85).

 Tree densities less than 400 trees/ha can be precisely measured using UAV orthoimagery.

» UAV-GIS methods can accurately measure individual pieces of LW with high precision.

e Canopy cover was the primary cause of LW detection and measurement errors using UAV

imagery.

ABSTRACT: UAV imagery offers great potential in determining precise environmental measurements.
This study identifies and quantifies errors and their causes/sources between UAV imagery- and field-
derived measurements of large wood (LW) and cross-sectional valley topography in several forested
headwater stream valleys in the Ozark Highlands, Missouri. UAV imagery was collected at six sites
following best practices for producing high resolution orthophotos and elevation models through
Structure-from-Motion photogrammetry. Field-based measurements of LW were completed along 5 m
wide valley cross-sections in which all LW > 1 m in length and 0.1 m in diameter were recorded. Topo-
graphic surveys were performed along the centerlines of the LW transects. The same assessments were
performed using UAV imagery and ArcGIS. Our sites showed high (>= 0.85) R? values between field
and UAV-GIS topographic surveys. Differences between measurements of LW dimensions tended to be
larger with R? ranging from 0.42 to 0.88. Overall 78 percent of standing trees and 60 percent of LW
pieces were identified in the UAV imagery. The main source of detection and measurement error was due
to vegetation/canopy cover. This study furthers our understanding of the applications and limitations of

UAV derived data for environmental assessments.
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INTRODUCTION

Large wood (LW), defined here as any piece of wood (branch, root wad, tree trunk)
greater than 1 meter in length and 0.1 meter in diameter, has well documented ecolog-
ical and geomorphic functions in fluvial environments, providing hydraulic roughness,
stream bed and bank erosion resistance, and landform stability (Hupp and Osterkamp,
1996; Hauer and Smith, 1998; Tal et al., 2004; Kupfer et al., 2008; Lininger et al., 2017;
Martin et al., 2016; Stout et al., 2018; Martin et al., 2021). LW is typically quantified
through direct measurement during field surveys, which can be time and resource in-
tensive (Sanhueza et al., 2022). Recently, new methodologies for quantifying LW using
Unoccupied Aerial Vehicles (UAVs), Structure-from-Motion (SfM) photogrammetry,
and geographic information systems (GIS) have started to emerge (Gerke et al., 2019;
Spreitzer et al., 2019; Sanhueza et al., 2019; Sanhueza et al., 2022). However, with only
a limited number of studies using UAV-SfM technology to quantify LW, further evalua-
tion of the data that UAV-SfM products can provide is necessary to have confidence in
the application of the new methodologies.

Over the last couple of decades UAVs and SfM photogrammetry have been increas-
ingly incorporated into environmental monitoring protocols as they provide the ability
to rapidly assess environmental phenomena for relatively low cost while delivering high
resolution imagery products (Quilter and Anderson, 2000; Dandois and Ellis, 2010; An-
derson and Gaston, 2013; Hostens et al., 2022). These products, geo-rectified orthoim-
agery and digital surface models (DSMs), allow for accurate measurement of real-world
three-dimensional features and therefore have been applied to a range of applications,
including assessing biomass, habitat quality, biodiversity, and natural disasters/distur-
bances (Dandois and Ellis, 2010; Getzin et al., 2012; Fonstad et al., 2013; Watanabe
and Kawahara, 2016; Hostens et al., 2022). Specifically, UAV-SfM products have shown
great applicability for accurately depicting topography and quantifying a variety of forest
characteristics (Getzin et al., 2012; Watanabe and Kawahara, 2016; Mohan et al., 2017;
Guerra-Hernandez et al., 2021; Finn et al., 2022). For example, in a comparison of cross-
sections derived from field data and a UAV-SfM DSM, one study found an average ele-
vation difference of 4 cm and a maximum difference of 7 cm (Watanabe and Kawahara,
2016). Limits to the imagery provided by the UAV came from vegetation which prevented
accurate ground level data from being acquired and increased errors between the field
cross-section and UAV-SfM DSM (Watanabe and Kawahara, 2016). UAV-SfM products
have also been used to accurately measure and identify tree canopy heights and areas,
individual trees, and other aspects of forest health through manual identification and
automated processes (Getzin et al., 2012; Mohan et al., 2017; Guerra-Hernandez et al.,
2021; Finn et al., 2022).

Recently UAV-SfM methodologies have shown promising results for accurately ex-
tracting LW jam (three pieces of LW in contact) volumes. Through the use of ArcGIS
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and Agisoft Metashape LW jam volumes derived from UAV-SfM DSMs have been esti-
mated within 13 percent of measured field volumes (Sanhueza et al., 2022). However,
the overestimation could be high (495 percent) depending on the method and software
used to quantify the volume (Sanhueza et al., 2022). Another study used terrestrial pho-
tography and SfM photogrammetry to estimate LW jam volume but only examined two
LW jams and did not analyze measurement errors of individual LW pieces (Spreitzer
et al., 2019). In these examples, the volume of the LW jam was digitally or manually
delineated and then semi-automatedly extracted from the DSM. This approach could
result in the inclusion of background data (rocks, debris, organic matter) in the volu-
metric calculation increasing error (Spreitzer et al., 2019; Sanhueza et al., 2022). These
studies have shown that the volume of LW jams can be estimated using UAV-SfM prod-
ucts. However, these studies do not assess the detection of LW in UAV imagery compared
to field surveying or the dimensions of individual pieces of LW. Thus, there is a need for
further evaluation of the data that UAV-SfM products can provide for LW and geomor-
phic surveying.

This study examines the intersection of forest and fluvial environments in riparian
forests. It examines the application of UAVs for quantifying large wood and measuring
cross-sectional stream valley topography. The need for rapid evaluation of LW distri-
bution and geomorphic analysis through UAVs and SfM photogrammetry in this study
comes after a >500-year flood event occurred in April 2017 in the Ozark Highland re-
gion of southern Missouri (Heimann et al., 2018). Three previous studies have exam-
ined various aspects of this flood event in the same study areas (Martin et al., 2021,
Hostens et al., 2022, and Pavlowsky et al., 2023). Hostens et al. (2022) focused on iden-
tifying the best procedure for acquiring UAV imagery to ensure the highest accuracy of
orthophotos and digital surface models in a steep, densely forested environment that
poses image processing challenges. The other studies focused on quantifying LW loads
in the active channel (Martin et al., 2021) and on floodplains, terraces, and secondary
channel chutes (Pavlowsky et al., 2023) as well as reconstructing flood flows and ex-
amining post flood geomorphology (Martin et al., 2021 and Pavlowsky et al., 2023).
Preliminary comparisons between GIS and field derived counts of LW at the sites were
also quantified by Pavlowsky et al. (2023) to make a correction for LW loads and their
relationship to geomorphic variables. However, analysis of detection and measurement
errors of LW and cross-sectional valley topography between field and GIS methods was
not conducted.

The objectives of this study are to (i) assess differences in cross-sectional stream to-
pography between field surveying and UAV DSMs; (ii) quantify large wood detection dif-
ferences between field and GIS (using UAV orthoimagery) observations; and (iii) assess
differences in diameter, length, and volume measurements of large wood between field
and GIS methods. UAVs have the potential to reduce time spent in the field conducting
environmental assessments, thus saving time and resources (Sanhueza et al., 2022).
However, further understanding is needed of the limitations of the data that UAVs can
provide. This study contributes to our understanding of the capabilities and limitations
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of UAVs in detecting and measuring LW and cross-sectional valley topography in a rela-
tively rugged mid-continent forested environment.

STUDY AREA

The North Fork of the White River watershed (1,453 km?) is in the Salem Pla-
teau subdivision of the Ozark Plateau physiographic region of south-central Missouri
(Figure 1). The watershed is composed of Ordovician aged horizontally bedded dolo-
mite and sandstone geologic units. The Jefferson City and Cotter Dolomite form ridge-
tops, the Roubidoux Formation forms valleys, and the Gasconade Dolomite is present in
valleys in lower portions of the watershed (Miller and Wilkerson, 2001). Upland soils
form in thin loess deposits and dolomite residuum and contain large amounts of chert
(Miller and Wilkerson, 2001). The acidic residuum is favorable for shortleaf pine (Pinus
echinata) which in addition to several species of oak (Quercus) and hickory (Carya) com-
pose most tree species in the watershed, which is 60 percent forested (Miller and Wilker-
son, 2001; Stambaugh et al., 2002). The Ozark Highlands have a temperate climate with
a mean annual temperature of 15 °C (Adamski, 1995). The region receives 120 cm of
precipitation annually, with most events occurring in the spring (Adamski, 1995). Over
the last thirty years, the frequency of intense precipitation events (> 7.5 cm/day) has in-
creased significantly in the Ozark Highlands which has been increasing peak streamflow
(Heimann et al., 2018).

In late April 2017, a storm system produced record-breaking precipitation across
the Midwest United States. The storm generated 20 — 30 cm of rainfall over a 48-
hour period from April 28 — 30, 2017 in the North Fork of the White River watershed
(US Department of Commerce, 2017). The torrential rainfall led to widespread flood-
ing in southern Missouri with twenty-one peak-of-record stream flows recorded at
United States Geological Survey (USGS) stream gages (Heimann et al., 2018). On the
North Fork of the White River the USGS stream gage near Tecumseh, Missouri (USGS
07057500) recorded a peak discharge over 5,000 m®/s, which the USGS estimated
to have an annual exceedance probability of less than 0.2 percent (Heimann et al.,
2018).

The extreme nature of the flood event provided a “once in a lifetime” opportunity
to investigate the effects of the flood on stream channel geomorphology and riparian
forest damage, including LW distribution. Six study reaches on tributaries of the North
Fork of the White River were selected that were on public land within the Mark Twain
National Forest with drainage areas ranging from 4.5 km? — 124.2 km? (Table 1). The
sample reaches varied in size and ranged from 119 m in length to 766 m, approxi-
mately 15 — 20 channel widths in length (Rosgen, 1996) (Table 1). The valley floor
areas assessed at each sample reach ranged in area from 0.3 to 4.8 hectares (Table 1).
All the reaches were surrounded by forested land and their watersheds were also pri-
marily forested except for Upper Tabor Creek which drains 52 percent agricultural
land (Table 1).
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Figure 1. Regional setting of the study area.

Table 1. Study site characteristics.

Dry Indian Lower Tabor Upper Tabor Spring  Lick

Creek  Creek  Creek Creek Branch  Branch
Drainage Area (km?) 124.2 101.6 65.4 54 49.1 4.5
Reach Length (m) 303 470 766 404 424 119
Reach Area (ha) 2.1 4.0 4.8 2.0 3.4 0.3
Watershed Land Use %
Agriculture 31 16 45 52 19 13
Forest 64 79 50 42 78 86
Urban 4 3 4 5 2 1
Other 1 2 1 1 1
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METHODS

Field transects

Cross-sectional topographic surveying of the stream channel and valley bottom mor-
phology was performed in August 2018 using a pulled tapeline and auto-level to record
landform dimensions and elevations (Rosgen, 1996). A Trimble Geo 7x GPS unit was
used to record the endpoints of the transects. In April 2019, the same transects were
used as a centerline for a 5 m wide sampling zone to compare standing trees and LW
field distributions to UAV-GIS methods (Fujita et al., 2003; Allen et al., 2012). While
one topographic survey was conducted at each site, an additional transect for surveying
LW was added at Indian Creek and Spring Branch, and two were added at Lick Branch.
Locations of all standing trees within the sample zone were recorded using a GPS unit
(Kupfer et al., 2008; Stout et al., 2018). Large wood was recorded in the sample zone
if the piece of wood was greater than 0.1 m in diameter and greater than 1 m in length
(Kupfer et al., 2008; Lininger et al., 2017; Martin et al., 2016; Stout et al., 2018; Martin
etal., 2021). Two diameter measurements were recorded, one at the midpoint of the LW
piece (Cordova et al., 2007) and one at the midpoint of only the portion within the 5 m
transect zone. This was performed to analyze variability in LW diameter. LW length was
measured from the larger end (rootwad) until the piece tapered to less than 0.1 m in
diameter (Stout et al., 2018). LW volume was calculated assuming a cylindrical shape.

UAV imagery field methods

A DJI Phantom 4 Pro (UAV) was used to collect leaf-off aerial imagery during early
March 2018, approximately ten months after the April flood event. Stream gage records
during this time indicate one near bankfull flood occurred, which potentially could have
transported relatively small pieces of LW in the channel but would not have affected LW
on floodplains and higher elevation surfaces in the valley bottom. This imagery was used
to create high resolution (< 8 cm), geo-rectified orthophotos and digital surface models
(DSMs) using Structure-from-Motion photogrammetry (Hostens et al., 2022). Two UAV
flight plans, north-to-south and east-to-west, and camera angles, 90° (orthogonal) and
70° (oblique), were combined to produce the final orthoimages and DSMs of the sites
(Hostens et al., 2022). The UAV was flown at approximately 108 m above ground level and
images were collected with 80 percent front and side overlap (Hostens et al., 2022). Five
to ten Ground Control Points (GCPs) were evenly distributed across the sample reaches
(in locations visible to the UAV) to increase spatial accuracy, with the number of GCPs
increasing with site area (Hostens et al., 2022). For large project areas, three GCPs per
100 images acquired by UAVs achieved high accuracy UAV-SfM products (Sanz-Ablanedo
et al., 2018). The images were then processed in Agisoft Metashape, which identifies tie
points in photographs taken from several perspectives to create three-dimensional shapes
of objects that can be accurately measured (Fonstad et al., 2013; Hostens et al., 2022).

GIS methods
The orthophotos and DSMs were input into ArcGIS and used to manually digitize LW
along the sampled field transects (Figure 2). All LW extending into the 5 m wide valley
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Figure 2. A portion of the Lower Tabor site transect sampling zone. A) UAV orthoimagery. B) UAV
DSM. C) UAV orthoimagery with field and GIS LW identified — note numbered LW correspond with D)
- LW piece #1 is 10 m long and 0.16 m in diameter. LW #2 is 3.5 m long and 0.20 m in diameter. D)
Photograph of LW along the Lower Tabor transect.

transect zone was hand digitized as a line feature and attributed with a length and di-
ameter measurement. Length of the digitized LW was measured using the “Calculate Ge-
ometry” function in ArcGIS. Diameter was measured using the “Distance” tool. Standing
trees were digitized as point features in the approximate center of the tree canopy where
branches could be seen radiating from. Standing tree density (#/ha) was calculated as
the number of trees within the 5 m wide valley transect zone per the area of the zone
in hectares. Manual digitization of aerial photographs through GIS platforms such as
ArcGIS, are frequently used to identify features such as riverbanks and individual trees
or plants (Winterbottom and Gilvear, 2000; Rhoades et al., 2009; Oddi et al., 2021).
Although subjective, this relatively simple process offers an efficient way to quantify and
analyze feature characteristics and spatial patterns (Oddi et al., 2021).

The recorded GPS points of the field locations of standing trees and LW pieces were
matched with the nearest digitized feature in ArcGIS. In some cases where GPS points/
LW were near one another, other attributes (length, diameter) were used to help identify
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which piece of LW the GPS point belonged to. Once LW pieces were matched between
the two methods using their location, individual measurements of LW diameter and
length were compared. We refer to the difference between the GIS derived measurement
(using UAV imagery) and the field measurement for the same piece of LW as measure-
ment “errors”. Standing tree densities between the field survey and GIS analysis of UAV
imagery were also compared.

RESULTS

Valley bottom topography

At all sites, the UAV DSM showed surface variability due to large wood, flood debris,
vegetation, and standing tree canopies obstructing the ground surface from UAV photos.
At Upper Tabor Creek, tree canopy areas from the UAV DSM were removed by hand
and excluded data that was clearly showing standing trees 15-20 m in height above the
ground surface. Vegetation on the ground along with flood and wood debris was not fil-
tered from the cross-sections. However, there are several vegetation filtering algorithms
that can be used to filter ground elevations from UAV derived point clouds (Anders et al.,
2019). Vegetation, flood debris, and LW were avoided during the topographic field sur-
vey and therefore represent the ground surface.

At Indian Creek, the cross-section data required further correction before compar-
isons could be made. This was because after aligning the cross-sections with the thal-
weg points, the UAV derived data was oblique to the survey data (Figure 3). This was
corrected using a simple equation, where the corrected UAV elevation was equal to
the distance from the thalweg multiplied by the slope of the plane compared to the
survey data (to correct for the obliqueness of the data) and added to the original UAV
elevation.

Once corrected, cross-sectional surveys from the two methods showed good align-
ment, with R? values between the elevation datasets greater than 0.85 at all the sites
(Table 2). R? values were highest at Lick Branch (0.98) and lowest at Indian Creek
(0.85) (Table 2). Additionally, Root Mean Squares Errors (RMSE) were less than
0.39 m at all sites (Table 2). Lick Branch had the lowest RMSE, 0.15 m, due to the
small amount of vegetation and debris on the valley floor. When the datasets by site
were combined the R? value was 0.999 and the RMSE was 0.32 m (Table 2). RMSE
values up to 0.39 m are due to the vegetation, LW, and flood debris obstructing the
ground surface. These errors were expected as we compared the UAV digital surface
model (reflecting the surface including vegetation) to the field survey digital terrain
model (reflecting the ground surface with no vegetation). However, the comparison of
the UAV DSM to the field survey shows that UAV imagery processed through SfM pho-
togrammetry can accurately depict cross-sectional stream valley morphology. These
findings are similar to previous studies which have found that errors between field
and UAV-DSMs are minimized when vegetation is short and sparse (Watanabe and
Kawahara, 2016).
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Figure 3. Comparison of field and UAV elevation data at Indian Creek. A) Unadjusted UAV Data. B)

Standing tree and LW detection

Adjusted UAV data.

Table 2. Coefficient of determination and root mean square
errors between UAV-GIS and field cross-sections.

Site R? RMSE
Dry Creek 0.92 0.39
Indian Creek 0.85 0.39
Lower Tabor Creek 0.96 0.23
Upper Tabor Creek 0.97 0.29
Spring Branch 0.87 0.31
Lick Branch 0.98 0.15
All Sites 0.999 0.32

Field surveys found seventy-three standing trees in the 5 m wide sample areas, while
the GIS survey found fifty-seven in the UAV orthoimagery. Standing tree density (#/
ha) in the sample areas found similar results with tree densities plotted on a 1:1 line
for densities less than 400 trees/ha (Figure 4). Standing tree densities were greater
than 400 trees/ha in field surveys on one transect at Lick Branch and one transect at
Spring Branch (Table 3). Standing tree densities were underpredicted using the UAV
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Figure 4. Field and UAV-GIS measurements of standing tree density. Triangle points represent sampled

transects with standing tree density > 400 trees/ha that were excluded from the relationship.

Table 3. Detection of standing trees and large wood.

Standing Tree Large Wood
Site Field Survey GIS Survey Basal Field GIS Un- Field GIS

Density Density Area Survey Survey matched (m®/ha) (m3/ha)

(#/ha) (#/ha) (m%*ha) (n) (m) (%)
Dry Creek 56 56 17.4 10 7 30 66 55
Indian Creek 1 131 112 17.6 13 7 46 53.3 39.3
Indian Creek 2 183 117 15.4 21 17 19 59.1 31.7
Lower Tabor Creek 72 72 9.9 28 18 36 61.4 43.6
Upper Tabor Creek 235 275 199 19 7 63 82.4 21.6
Spring Branch 1 98 114 4.4 20 13 35 79.9 56.2
Spring Branch 2 459 262 29.5 4 0 100 10.2 0
Lick Branch 1 400 400 68.5 6 4 33 NA NA
Lick Branch 2 500 357 48.2 0 0 0 51.3 11.6
Lick Branch 3 190 190 2.5 0 0 0 NA NA

orthoimagery and GIS when density was over 400 trees/ha due to being unable to vis-
ually distinguish individual trees from a mass of canopy branches in the orthoimagery.
Overall, 78 percent of standing trees found in field surveys were found in UAV or-
thoimagery. However, when only evaluating transects with standing tree densities less
than 400 trees/ha, 93 percent of trees were identified. Forest basal areas of standing
trees ranged from 3 to 69 m2/ha among the North Fork riparian transects (Table 3).
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Table 4. Differences between field and UAV-GIS measurements of LW.

Field vs UAV-GIS - AIlLW  Field vs UAV-GIS - LW Subset Imagery

Length Errors (m) Length Errors (m) Resolution (m)
Site Avg Max Min Avg Max Min
Dry Creek 3.1 5.4 0.8 3.2 5.4 0.8 0.05
Indian Creek 3.1 16.3 0.3 1.1 3.2 0.3 0.05
Lower Tabor Creek 1.6 7.4 0.0 1.2 3.0 0.0 0.04
Upper Tabor Creek 1.8 4.3 0.0 1.8 1.8 1.8 0.03
Spring Branch 2.6 7.4 0.1 2.0 5.8 0.3 0.03
Lick Branch 5.5 9.5 0.9 NA NA NA 0.08
Field vs UAV-GIS - Field vs Field - Diameter Imagery
Diameter Errors (m) Variability (m) Resolution (m)
Site Avg Max Min Avg Max Min
Dry Creek 0.01 0.04 0.00 0.05 0.27 0.00 0.05
Indian Creek 0.02 0.12 0.00 0.03 0.22 0.00 0.05
Lower Tabor Creek 0.02 0.10 0.00 0.04 0.26 0.00 0.04
Upper Tabor Creek 0.03  0.06 0.01 0.02 0.04 0.00 0.03
Spring Branch 0.03  0.05 0.00 0.04 0.08 0.00 0.03
Lick Branch 0.09 013 0.03 0.00 0.00 0.00 0.08

The results of this study overlap ranges reported for closed canopy oak and pine forests
in the Ozark Highlands from 14-39 m2/ha (Hanberry et al., 2014) and 10-40 m2/ha
(Hente, 2017). Field surveys found 121 pieces of LW within the sample transect zones
(Table 3). Of those 121 pieces, 60 percent (73) were identified in UAV orthoimages.
Along the transects, the percentage of undetected LW ranged from 19 percent at Indian
Creek-2 to 100 percent at Spring Branch-2, where only four pieces of LW were found in
the field survey (Table 3).

LW diameter, length, and volume

On average the two field measurements of LW diameter were within 0.03 m of each
other and had a median difference of 0.01 m, with 90 percent of the measurements
within 0.08 m. The maximum variability in field measurements of LW diameter was 0.27
m (Table 4). This comparison shows that diameter variability of LW pieces was generally
low, with an average relative percent difference of 14 percent. The closest of the two
diameter measurements to the UAV value was used to determine paired relationships
for evaluation.

Comparisons between LW diameter values from field and UAV-GIS methods gener-
ally showed good agreement, with R? = 0.83 and p-value < 0.01 and plotted tightly
along a 1:1 line (Figure 5A). Ninety percent of the paired field and UAV-GIS diameter
measurements were within 0.06 m of each other. The average difference in diameter
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Figure 5. Field and UAV-GIS measurements of LW diameter (A), length (B), and volume (C). All LW
data that was matched between field and UAV-GIS surveys were used in these figures. Additionally,
Figure 5B uses a subset of the LW data that was unobstructed by canopy cover, vegetation, and flood

debris to examine the UAV-GIS method to predict measured LW dimensions of “mostly visible” LW.

measurements was less than 0.03 m at all sites except for Lick Branch (Table 4). Lick
Branch also had the largest minimum (0.03 m) and maximum (0.13) diameter errors
(Table 4). Diameter measurement errors tended to increase as the spatial resolution of
the UAV orthoimagery coarsened. Recall that all UAV orthoimagery had a spatial resolu-
tion of less than 0.08 m (Table 4). Differences in imagery resolution can be attributed to
local variability of several factors at the sites including topography, surface texture (veg-
etation), lighting (time of day), wind speed and direction (Hostens et al., 2022). The
average relative percent difference between diameter measurements was 14 percent.
These results show that UAV orthoimagery can be used to accurately measure diameter
on individual pieces of LW since differences between UAV-GIS and field measurements
were typically similar to the variability of the log diameter.
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Large wood length errors between paired field and UAV-GIS measurements were
greater than diameter errors. When using the entire LW dataset (n = 73), R? values
equaled 0.42 with the UAV-GIS method typically underpredicting LW lengths. Only 36
percent of the LW UAV-GIS length measurements were within 1 m of the field data. Av-
erage measurement error by site ranged from 1.6 m at Lower Tabor Creek to 5.5 m at
Lick Branch (Table 4). The largest error was observed at Indian Creek with a difference
in LW length of 16 m (Table 4). While diameter measurement errors between the two
methods were mostly caused by sample location and imagery resolution, length errors
were caused by canopy obstruction and burial by sediment, flood debris, or by other LW.
Therefore, errors in length measurements are primarily due to the apparent shortening
of the log due to visual obstruction.

Measurement errors of LW length between the two methods were further assessed
using an unobstructed subset of the dataset (n = 34, 47 percent) in which the LW in the
UAV orthoimagery was visually inspected and determined to be mostly unobstructed
by canopy cover, vegetation, and flood debris. The R? value increased to 0.80 (p-value
< 0.01) when using this subset of LW data and plotted near a 1:1 trendline but UAV-
GIS methods slightly underpredicted field measurements (Figure 5B). Fifty percent of
length measurements were within 1 m and 90 percent within 4.1 m. By site, average
length errors were greatest at Dry Creek (3.2 m) and lowest at Indian Creek (1.1 m)
(Table 4). Maximum length errors were greatest at Spring Branch which had one piece
of LW underpredicted by 5.8 m (Table 4). The evaluation of the unobstructed subset of
paired length data provided better insight into the use of UAV imagery to detect indi-
vidual LW lengths. However, the average measurement error was still 1.7 m. Some of
this error may be because of the angle of LW relative to the ground as oblique pieces of
wood could appear shorter in aerial imagery, however, these effects were not quanti-
fied. The average relative percent difference for all measurements of LW length was 32
percent and 18 percent using only the “unobstructed” subset. In general, the relative
percent difference increased as measurements of LW length in UAV imagery decreased.

Using UAV orthoimagery and GIS methods to calculate the volume of individual LW
pieces produced an R? of 0.88 (p-value < 0.01) (Figure 5C). Average paired volume
measurement errors were within 0.14 m® with a maximum difference of 0.59 m® and a
minimum of 0 m®. UAV-GIS calculations of LW volume typically underpredict the field
volume of LW due to the underprediction of LW length (Figure 5B & 5C). When using
the subset of LW data, showing mostly unobstructed LW, the R*> = 0.96. The high R?
value indicates that the UAV-GIS measurements could accurately estimate LW loads, es-
pecially when only using data that is unobstructed from view in the UAV imagery. LW
loads across the valley floor ranged from 10.2 to 82.4 m®/ha which is similar to previ-
ous studies of LW in Missouri that have found LW loads ranging from 7 to 234 m®/ha
(Table 3) (Martin et al., 2016, Martin et al., 2021).

DISCUSSION

An evaluation of the specific types of errors involved in this study was performed to
better understand the sources of differences between field and UAV LW detection and
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measurements. Visual inspection of UAV imagery, field notes, and photographs was used
to assess LW detection errors. Of the 48 pieces of LW that were not identified in the
UAV orthoimages, 71 percent were obstructed by canopy cover, 13 percent were buried
by sediment, 8 percent were thought to have been transported or newly deposited in
the time between the UAV imagery collection and the field survey, 4 percent were uni-
dentifiable due to image processing, and 4 percent were unable to be identified due to
the accuracy of the GPS in the field. Therefore, the majority of LW detection errors (85
percent) are caused by other objects (canopy cover and sediment) concealing LW in the
imagery. Only 4 percent of detection errors were associated with image processing. This
is caused by a lack of unique features in photos resulting in blurred patches in the final
orthoimagery. This only occurred at the Spring Branch-2 site where the standing tree
density was greater than 400 trees/ha (Table 3). As expected, this analysis indicates that
most errors are related to visual obstruction of the LW piece by material on the ground
or a dense overhead canopy. Moreover, few errors (< 10 percent) were due to image
processing or errors in GPS readings.

The overall detection accuracy of 60 percent of LW and 78 percent of standing trees
reported in the present study can be increased in future applications by using improved
methods and sampling procedures. However, this error rate is expected given the rel-
atively dense canopy present in sample reaches (Belmonte et al., 2019). Under opti-
mal conditions to identify standing shrubs or trees, 99 percent accuracy was produced
using high resolution UAV imagery and manual digitizing to identify tree and shrub
encroachment into grasslands with no forest canopy (Oddi et al., 2021). Other stud-
ies using similar methods to this study have achieved 85-90 percent detection rates for
individual (standing) trees in low to moderate canopy cover (Mohan et al., 2017; Finn
etal., 2022). While detection rates of LW have been found to be 68 percent in moderate
canopy cover and nearly 90 percent with low to open canopy cover (Gerke et al., 2019;
Sanhueza et al., 2019).

Measurement errors between UAV and field methods may also be affected by sam-
pling time due to fluvial transport of LW and human interference. While leaf-off UAV
imagery was collected in March 2018, field verification of LW in the sample transects
occurred in April 2019, thirteen months after UAV images were collected. During this
time, according to the USGS stream gage downstream of the sites, one bank-full flood
event occurred. This event could have deposited new LW from upstream into our sample
zones and transported LW that was within the zone downstream. This is supported by a
17.5 m long piece of LW present in the UAV orthoimagery in the active channel at Indian
Creek that was not present during the LW field sampling. At Spring Branch, additional
inputs of LW were also identified. In one area outside of the sample transects a tree near
the bank of the stream could be seen slightly leaning over in UAV orthoimagery. During
field surveys the tree had fallen into the stream.

These results are also affected by human interference as evidence of cut logs and
burning was present at some of the sites, resulting in several pieces of LW identified in
the UAV imagery that were not found in field surveys. At Dry Creek, Indian Creek, and
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Lower Tabor Creek cut logs were observed near the sample reach. At the Dry Creek site,
the recreational Ozark Trail crosses the reach and logs may have been cut to clear the
trail. Logs at other sites may have been cut for fuel. The reduction of wood loads in ripar-
ian areas by human activities is a well-documented occurrence, with wood removed for
navigation and flood mitigation (Wohl et al., 2019). At Upper and Lower Tabor Creek,
there was also evidence of prescribed burning, which the Forest Service typically per-
forms in February or March as a forest management practice.

Further errors could also be associated with GPS accuracy and sampling procedures.
GPS accuracy was typically near 1 m, but LW distribution could be very dense and only
one point was recorded per LW piece. In some cases, LW was directly above and aligned
with other pieces of LW. Thus, sampling times and practices likely affected measurement
errors between the two methods. To reduce these errors in the future, field sampling and
UAV image collection should occur at the same time. Additionally, to increase the con-
fidence of matching pieces of LW with field and UAV-GIS techniques, a GPS unit could
be used to delineate LW as line features or as two endpoints in the field, that way more
precise information is collected that can be used to match the locations of LW pieces
between the two methods.

CONCLUSIONS

This study compared orthoimagery and digital surface models (DSMs) derived from
Unoccupied Aerial Vehicles (UAVs) and Structure-from-Motion (SfM) photogrammetry
to field surveys of cross-sectional stream valley topography and detection and measure-
ment of large wood (LW). Few studies have used UAVs to detect and measure LW (Gerke
et al., 2019; Spreitzer et al., 2019; Sanhueza et al., 2019; Sanhueza et al., 2022) and
therefore further study of their limitations is necessary for understanding the data they
can provide.

UAV orthoimagery and digital surface models were able to accurately depict
cross-sectional stream valley topography in a densely forested and relatively steep vall-
eyed environment. Additionally, these products were able to identify standing trees and
large wood and derive accurate measurements of LW diameter, length, and volume.
Differences in the valley bottom topography between the two methods came from veg-
etation, LW, and flood debris which are known to increase elevation errors. Detection
errors of standing trees and LW are mostly due to canopy or other debris cover, thus
detection rates decrease as canopy cover/tree density increases. Measurement errors of
LW diameter relate to the natural variability of LW logs and sample location on the piece.
Length measurement errors are generally caused by visual or camera view obstructions,
causing an underpredicting of total length. Applications of UAVs for detecting LW loads
are best when canopy cover is reduced, exposing all or most of LW in the orthoimagery.
This work furthers our understanding of the use of UAVs for assessing LW and stream
morphology. Our results support the use of UAVs to rapidly assess environments after
natural disasters, through cost and time efficient methods.
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